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ABSTRACT 
 
 In the field of Thermal Management we must address 
the issue of cold soaked electronics that require to be heated up 
to operating temperature prior to start up. The thermal challenge 
is how to quickly raise the temperature of the unit by means of 
an electronic heater in order to reach the minimum 
recommended operating temperature. An important design 
consideration is the possibility of electronics overheating in the 
event of a failure that does not permit the heater to turn off. The 
art of the Thermal Management is to design an optimum heater 
size that can satisfy a rapid warm up requirement and yet not 
exceed the maximum allowable temperature in a failure mode 
scenario.   
An analytical model is developed to study the thermal 
management of such a system.  The model is used to perform an 
optimization study and to recommend a heater controller design 
for a given specification. 
 
NOMENCLATURE 
 
Cp1 PCB (Printed Circuit Board) specific heat (J/KgK) 
Cp2 Box specific heat (J/KgK) 
m1 PCB mass (Kg) 
m2 Box mass (Kg) 
Qpcb PCB operating heat dissipation (W) 
QW Power generated by the heater (W) 
R1 Resistance between the heater and the PCB(C/W) 
R2 Resistance between the PCB and the enclosure (C/W) 
tW Time required to reach the operating temperature (Sec) 
T1 PCB temperature (C) 
T1F PCB steady state temperature at failure mode (C) 
T2 Box temperature (C) 
TF PCB critical temperature at failure mode (C) 
TW PCB required heated up temperature (C) 
T∞F Ambient temperature at failure mode (C) 
T∞W Ambient temperature at warm up mode (C) 
        
1.  INTRODUCTION 
 
In the field of Thermal Management many studies have been 
undertaken to address how to most effectively cool electronics 
that have heated up to critical levels during operation or due to 
extreme environmental conditions. Not as much attention has 
been paid however to the converse issue of cold soaked 
electronics that require to be heated up to operating temperature 
prior to start up. This issue is particularly important to the 
aerospace industry where extreme temperature ranges are very 
common and electronics are likely to be exposed to severe and 
uncontrolled environmental conditions. In these cases the 
thermal challenge is how to quickly raise the temperature of the 
unit in order to reach the minimum recommended operating 
temperature.  
When designing a heating mechanism, two important 
boundary conditions have to be taken into account. The first one 
is a rapid warm up time of the electronics and the second is a 
“continuously on” heater failure mode where electronics 
overheating could occur. Electronic components typically have 
an operating temperature range that is specified by the 
manufacturer. This range indicates the minimum temperature 
required for the device to operate as specified as well as the 
maximum allowable temperature that will guarantee the 
specified performance.  Our objective is to reach the minimum 
required operating temperature of cold soaked electronics in the 
shortest amount of time without exceeding the maximum 
allowable temperature.  This objective may sound simple, 
however great care must be taken not to exceed the maximum 
operating temperature of the electronics in a worst case failure 
mode condition.  The worst case failure mode condition could 
occur if the heater continued to heat the electronics for an 
extended period of time in a high temperature environment. 
Therefore, the design process is an optimization process which 
will determine how the quickest warm up period can be achieved 
without driving the electronics above the maximum operating 
temperature during a “continuously on” heater failure. 
There are various ways of heating up a cold soaked 
electronics unit and the most common approach involves 
installing a heater inside the enclosure.  Both the location of the 
heater inside the box as well as the power capability of the heater 
have a tremendous effect on how quickly the PCB (Printed 
Circuit Board) can be brought to the minimum operating 
temperature.  Of course, the less thermal resistance exists 
between the heater and the PCB the less amount of time is 
required to heat up the electronics.  It is obvious that more of 
heat provided by the heater would result in a quicker warm up.  
However, it should be noted that the failure mode condition 
requires the temperature of the electronics be kept below a 
certain maximum allowable operating threshold.  This means 
that if the heater should fail “continuously on” the upper 
temperature limit shall not be exceeded even under the worst 
case environmental conditions.  This excess amount of heat in 
addition to the hot ambient temperatures could easily push the 
PCB operational temperature above the recommended threshold.  
This failure mode has to be addressed in the design. 
 A thermal engineer has the capability of designing the 
box arrangement and its components in order to vary the thermal 
resistances.  Different variations in thermal resistance could help 
achieve a quick warm up, while keeping the PCB below critical 
temperatures in a failure mode condition.  Most often, changing 
the thermal resistance requires geometrical changes, which can 
be costly and accompanied by other unwanted effects.  The most 
easily controllable parameter is the amount of heat supplied by 
the heater, meaning that a larger heater results in a quicker warm 
up. However, a larger heater also increases failure mode 
temperatures.  To remedy this issue a PWM controller can be 
employed to control the length of heater “on time”.  By using a 
square wave to power the heater and varying its pulse width one 
can control the power supplied to the heater to achieve the 
desired temperature.  This way heat is delivered to the PCB in 
controlled intervals, at a fraction of the power.  The advantage of 
this method is that one can heat up the PCB quickly with a small 
amount of energy, and consequently keep the PCB below the 
critical temperature during a failure within a reasonable amount 
of time.  One must consider, of course, the reliability of the 
PWM device itself. Fortunately, PWM controllers are very 
reliable in terms of durability and functionality and will be 
discussed more thoroughly in later sections of the paper. Thus by 
controlling the heater with a PWM controller the probability of a 
continuously on failure mode can drastically reduced while low 
failure mode temperatures are much more easily achieved.  
  
2.  GOVERNING EQUATIONS 
 
Transient heat transfer analysis is applied to develop the 
governing equations for the system.  There are two main masses 
in the system which can be lumped together without affecting 
the validity of the analysis.  One mass represents the PCB, and 
the second mass simulates the electronics box, where all the 
electronics components are located.  These two masses act as 
one large thermal capacitor in the equivalent thermal resistance 
model. Combining the two parameters into one reduces the 
governing equations to a 1-D system, which is numerically much 
simpler to solve.  Figure 1 shows the electronics enclosure with 
the PCB directly in contact with the heater.  During heater 
operation, both the PCB as well as the electronic box will be 
heated up simultaneously.  
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Figure 1: The PCB and electronic box assembly with an 
embedded heater. 
Figure 2 shows the schematic of the equivalent thermal 
resistance model which is employed to develop the governing 
equations.  Heat is imposed by the heater onto the PCB and in 
addition heat is also generated by the electronics on the PCB 
during operation. However, it must be noted that the heat 
generated by PCB operation only comes into the governing 
equations during the failure mode, since the intention of the 
warm up process is to elevate the environmental temperature of 
the PCB to an acceptable operating level prior to operation.  This 
inherently means that the PCB stays inactive while it is being 
heated. 
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Figure 2: Thermal resistance network of the model. 
Eq. (1) describes the behavior of the system. 
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Substituting T2 into Eq. (1) yields in the system of equations 
shown in Eq. (2) below. 
2p22
W
2
2p221
2
2p21
2
1p1
W
1
1p11
1
1p11
1
222122
121111
2p22
W
2
2p221
1
2p21
2
1p1
W
2
1p11
1
1p11
1
CmR
T
f,
Cm
1
R
1
R
1b,
CmR
1a
Cm
Q
f,
CmR
1b,
CmR
1a
where
fTbTaT
fTbTaT
or
CmR
T
T
Cm
1
R
1
R
1T
CmR
1T
Cm
Q
T
CmR
1T
CmR
1T
∞
∞
=⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−==
==−=
⎪⎩
⎪⎨⎧ ++=
++=
⎪⎪⎩
⎪⎪⎨
⎧
+⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−+=
++−=
&
&
&
&
 
(2) 
The objective is to solve for T1 in Eq. (2).  Therefore Eq. (3) 
yields the solution for T1. ( ) ( ) 11221121211211 ffbfbTabbaTbaT &&&& +−=−++−  (3) 
By inspection it is clear that f1 does not vary with time since 
all of its parameters are constant for any given design.  
Therefore, its derivative with respect to time is zero and is 
omitted in Eq. (3).  Eq. (3) is a linear second order differential 
equation with an exact solution.  The solution can be obtained as 
shown in Eq. (4). 
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 There are two solutions for λ.  C1, C2, and C3 are 
defined by the initial and boundary conditions of the system 
which are stated in Eq. (5).  The first equation indicates that the 
system is at a cold environmental temperature.  The second 
constraint comes from the warm up process requirement which 
dictates a certain temperature to be reached in a predetermined 
amount of time.  The third condition implies that at the starting 
point of the warm up process, all the heat is absorbed by the 
PCB.  There is no heat generated by the PCB during electronics 
heating, since the board has not yet reached operating 
temperature yet. ( )
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For any given design, R1 and R2 are specified based on the 
geometry and physical shape of the PCB.  The amount of QW has 
to be assigned such that the warm up requirement in Eq. (6) is 
satisfied.   ( ) W3tλ2tλ1W1 TCeCeCttT W2W1 ≥++==  (6) 
The last important condition that must be satisfied is related 
to the failure mode. Namely, the PCB temperature must not 
exceed the critical threshold value.  This restraint is 
mathematically represented in Eq. (7). ( )( ) FF1FpcbW21 TTTQQRR ≤=+++ ∞  (7) 
The goal of the design, given R1 and R2, is to choose a QW 
such that all of the aforementioned conditions are met. If the 
suggested QW (heater power) satisfies both Eq. (6) and (7), the 
design has a valid solution.  If these conditions are not satisfied, 
one can make changes to R1 or R2 in order to find a valid QW.  
However, such changes in R1 or R2 require modification in the 
geometrical configuration of the system which could be costly or 
even impossible to implement. 
 
3.  MODELING AND ANALYSIS 
 
A computer algorithm has been developed to simulate the 
process.  The flow chart is explained in Figure 3. 
Define Variables
R1, R2
Calculate
a1, b1, f1, a2, b2, f2
Calculate
?1, ?2
Calculate
C1, C2, C3
Define Variable
QW
Warm up
Failure Mode
Yes
No
 
Figure 3:  Algorithm flow chart to perform the optimization. 
MATLAB (www.mathworks.com) is employed to code this 
algorithm.  A variety of combinations of the thermal resistances 
are used in order to investigate the acceptable operating regions. 
Solving Eq. (3) and imposing conditions described by Eq. 
(6) and Eq. (7) yields to a defined domain where a specific 
combination of R1, R2, and QW yield discrete solutions to the 
requirements.  Figure 4 shows the solution to Eq. (3). 
 
Figure 4:  The solution domain. 
The three dimensional representation of the solution for Eq. 
(3) without any boundary conditions is presented in Figure 5. 
 
Figure 5:  Three dimensional view of the solution domain. 
However, it must be noted that the above solution domain is 
not necessarily a solution that meets all warm up and failure 
mode requirements.  Figure 6 shows the intersection of the 
solution domain and the imposed requirements in a single three 
dimensional graph. A valid set of solutions exists only at the 
intersection of these two planes. 
 
Figure 6:  The intersection of the solution domain and the 
warm up and failure mode requirements. 
To apply these conditions, certain design triples (R1, R2, QW) 
are located in the region where they satisfy the failure mode 
condition.  Figure 7 shows the final acceptable solution domain. 
 
Figure 7:  Acceptable solution domain. 
 
The above discussion shows the effect of changes in the 
thermal resistances in order to meet the dictated design 
conditions. 
 
4.  DISCUSSION 
 
The above mathematical derivations were based on the 
assumption that one can change thermal resistance in order to 
achieve the design requirements.  It would have been much 
easier to only alter the heater load and achieve the desired 
results.  Mostly, changes in heater power alone are not sufficient 
to achieve our goal especially if the requested warm up period is 
short.  Having a short heating period requires a much larger 
heater load, which contributes greatly to raising the temperature 
above the critical value at the failure mode. 
Another way to provide a large amount of heat during the 
warm up period is to use a Pulse Width Modulation (PWM) 
controlled heater which applies heat in intervals at a fraction of 
the period rather than continuously.  PWM is a technology that 
has been widely used in various applications. It generates a 
square wave pulse with a certain period. The advantage of PWM 
is that the duty cycle and therefore the “on time” of the heater 
power can be adjusted to meet the requirements. Using the PWM 
controller enables us to apply a large amount of heat for a certain 
period of time in order to reach the minimum operational 
temperature.  Also, the PWM controller concept ensures that the 
heat is only imposed at a fraction of each period.  Therefore, the 
failure mode is faced with less duration of heat load.  In addition, 
the PWM controllers allow for a fraction of power to be 
dissipated and are very reliable, generally creating a smaller 
possibility of failure.  
Figure 8 shows the analysis performed on an example.  The 
thermal resistances are predefined.  The heater imposes 10 W 
constantly to the system.  The masses of the PCB and the box are 
assumed. 
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Figure 8:  Warm up procedure for a specific design. 
The warm up process takes place in 600 seconds where the 
PCB reaches temperature above -40 ºC.  This is an assumption 
predefined by the manufacturer.  Figure 9 shows the PCB 
temperature history subject to high ambient temperature of 70 ºC 
where failure mode is defined.  The PCB temperature can 
reaches as high as 90 ºC.  The goal is to keep this temperature as 
low as possible, while achieving the quickest warm up time. 
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Figure 9:  The PCB temperature at failure mode. 
Next, a PWM controller is adopted into the design.  Figure 
10 shows the PCB warm up temperature history in presence of a 
PWM controlled heater.  In this profile, the PWM applies 10 W 
for 600 seconds and the heater is off for another 600 seconds. 
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Figure 10:  Warm up temperature history with PWM heater. 
As expected, the warm up temperature history is identical for 
the constant heat load.  At about 600 seconds, the temperature 
reaches -40 ºC.  However, the failure mode shows a lower 
maximum temperature.  Figure 11 shows the temperature history 
at the failure mode, while the heater is subject to the defined 
PWM controller. 
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Figure 11:  Failure mode temperature history in the 
presence of the PWM heater. 
Another PWM profile is considered.  15 W is applied for 
300 seconds and then the heater is off for another 600 seconds.  
The period of the inserting heat is shorter, but the amount of heat 
is increased to compensate for the shortness in period.  Figure 12 
shows the warm up temperature history exposed to the new 
PWM profile. 
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Figure 12:  Warm up temperature using a PWM heater. 
The higher amount of heat causes the PCB to be heated up 
much more quickly.  It reaches -40 ºC in 300 seconds.  Figure 13 
shows the failure mode temperature.  Despite increased heat 
load, the failure mode highest temperature has not changed 
considerably. 
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Figure 13:  Failure mode temperature history. 
The above examples clearly show that the period of the 
operation in PWM is as important as the magnitude of the heat 
load applied to the heater.  These two parameters must be varied 
together in order to reach an optimized design. 
 
5. ADDITIONAL DESIGN CONSIDERATIONS 
 
When a compact design is required, the thermal resistance 
between the heater and the PCB can be minimized by etching the 
heater as a sub layer of the PCB.  The smaller this thermal 
resistance is, the shorter the warm up time of the PCB.  That also 
means also that the failure mode becomes more problematic 
since the heater dissipates the heat directly to the PCB.  
Eventually, the electronic box will dissipate the heat to the 
ambient environment but this process is slow and extremely high 
electronic component temperatures can potentially be reached. 
Therefore, while it is possible to embed the heater in the PCB 
great care must be taken not to exceed the electronics’ maximum 
allowable operating temperature.   
 
6.  CONCLUSION 
 
Electronics heating becomes necessary when the unit is subject 
to temperatures lower than the recommended manufacturer’s 
temperature.  Therefore, the unit’s temperature must be raised to 
the minimum required operating temperature prior to operation.  
However, the downside to heating the electronics to a safe 
operating temperature is that most units will face very hot 
temperatures in a failure mode condition.  This failure mode 
occurs when the heater malfunctions “continuously on” and 
continues to operate even under hot environmental conditions.  
In this situation, it is essential to keep the temperature of the 
electronics below critical levels.  
If the failure mode were not of concern, one could easily 
design a heater with a large capacity to ensure a rapid warm up 
process.  However, a powerful heater will easily push the 
temperature above the critical level in the specified failure mode 
condition.  Therefore, the heater design is a balanced between a 
rapid warm up period and low temperatures at the failure mode. 
There are three physical parameters that can be manipulated 
in order to reach such a goal.  The first approach is to define the 
amount of the heater power needed to warm up the PCB at the 
required rate without exceeding the critical temperature value at 
the failure mode.  Typically, a warm up period of a few minutes 
is required which calls for a heater size that very easily exceeds 
critical temperature levels at the failure mode. Largely, there is 
no meaningful heater value that could satisfy such a condition 
within a reasonable warm up time.  Next, one can manipulate the 
thermal resistances between the heater-PCB and PCB-enclosure.  
This manipulation can be done by using thermal insulator or 
adding a fin to the outside box.  It is obvious that such 
manipulation requires changes in packaging of the unit which 
adds a significant amount of cost.  Often, the size of the package 
is another important limitation preventing thermal resistance 
manipulation from taking place. 
The optimum solution, as shown in the model and analysis 
above, is in the hands of an electrical engineering design team. 
Namely, by controlling the pulse width (PWM) of the power 
applied to the heater one can deliver the right amount of power 
without exceeding failure mode temperatures.  PWM offers two 
new parameters that can be manipulated electronically.  They are 
the frequency of the on-off period, and the magnitude of the 
power applied to the heater.  A large amount of heat ensures a 
rapid heating up process whereas a small PWM duty cycle 
results in lower temperatures at the failure mode.  This approach 
presents the optimized desired solution while at the same time 
increasing reliability, which has been discussed in this paper. 
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